Laboratory applications of experimental modal analysis and signature analysis using a real time spectrum analyzer / by Schroeder, Robert Alan
Lehigh University
Lehigh Preserve
Theses and Dissertations
1985
Laboratory applications of experimental modal
analysis and signature analysis using a real time
spectrum analyzer /
Robert Alan Schroeder
Lehigh University
Follow this and additional works at: https://preserve.lehigh.edu/etd
Part of the Manufacturing Commons
This Thesis is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an
authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.
Recommended Citation
Schroeder, Robert Alan, "Laboratory applications of experimental modal analysis and signature analysis using a real time spectrum
analyzer /" (1985). Theses and Dissertations. 4606.
https://preserve.lehigh.edu/etd/4606
LABORATORY APPLICATIONS OF EXPERIMENTAL 
MODAL ANALYSIS AND SIGNATURE ANALYSIS 
USING A REAL TIME SPECTRUM ANALYZER 
by 
/ 
Robert Alan Sch~oeder 
A Thesis 
:p:res:-ent.e,d to the Graduate Cammi ttee .. - .. - ·: . .- . . . 
bf Lehigh University 
in Candidacy for the Degree of 
Master of Science 
• in 
Manufacturing Systems Engineering 
Lehigh University 
1985 
This thesis is accepted and approved in partial fulfillment. 
of the requirements for the degree of Master of Science. 
e) 
Professor in Charge 
of Department 
• • 11 
ACKNOWLEDGEMENTS 
I wish to thank: 
-Professor Roberts, my thesis advisor, for allowing me 
to purchase the equipment I required, for giving me 
the freedom to pursue my interests, and for his sug-
gestions on writing this thesis. 
-AMP, who sponsored the research and who provided the 
funds used to purchase the equipment I required in or-
der to complete my work. 
-Philips Laboratories, my employer, for having the 
foresight to recognize the value of an MSE degree from 
Lehigh University, and for giving me the opportunity 
to better myself. 
-And especially, my fiance Lisa, for her support and 
~ understanding. 
• • • 111 
Table of Contents 
1 . ABSTRACT .......... -.- ...• ·: •....•...• -.•. ·. : •..•...........• _ .•.•.•• ·· •. , •. _.: •. , .•••. 1 . . - . - .. - . ~ . . . . . ' . . . . •. . . . . . . . . : . . . . 
- . 
2. INTRODUCTION •.... __ ..•..• :··· _ •., .................. !, , ••• ,'"! ••••••••••.•• :• ,• .• _.. :3. 
3. PART 1: EXPERIMENTAL MODAL ANALYSIS ........ ~ .• ~~······5 
3 . 1 . BACKGROUND ................................ -..... :!9· •.••••• 5 
3 • 2 • SCOPE OF TH IS SE CT ION . . . . . . . . . • •. •: . •: ... . . .• • . .• .. ~ . ~-- .. •: • • • • :(5 
3.3. TRANSFER FUNCTION MEASUREMENT .............. ~ .... -... ~.i-8· . .. . . ·: . . .. . .. . -
.. 
3.3.1. THEORETICAL DISCUSSION ....•..•..•.. ~ ......... ~ .• 8 . . ' ' ' . . . . . ·-. ~ ·-
. . . 
3. 3 .• 2. EXCITATION TECHNIQUES ....•. :• -~·. ···"'· ..•...••...•.•. _13 
3 . 3. 2. 1. IMPACT METHOD ........................ 14 . . . . . . . . .. . 
. . 
. t 
3· •. 3 •. 3. RESPONSE ACCELERATION .•.....•.... ~ · •..• : -. ~ .••. 17 
3.3.4. USING THE SPECTRUM ANALYZER .•.... ,.~ ••..•. 19 
3.3.4.1. CONCEPT OF OPERATION ......••.... 19 
3.3.4.2. INITIAL EQUIPMENT SETUP ..••.... 21 
3.3.4.3. CONFIGURING THE ANALYZER FOR 
IMPACT EXCITATION ..•..•••.••...• 23 
'3. 3. 4. 4. MEASURING DATA ..••.••.••.•••..•. 29 ~ 
3.3.4.5. MANIPULATING THE DISPLAY .•..••.. 31 
3.3.4.6. CURSOR OPERATION ••.••....••••••• 33 
• 1V 
3.4. INTERPRETING THE TRANSFER FUNCTION ••••••••• ~~~-~33 
3. 5. TRANSFER FUNCTION COPY PROGRAM •••••••••••••••.••• ,.3·6 
3. 5 .1. HARDWARE AND CONNECTIONS ••••••••••••••. • •.• _-3:7 
3. 5. 2. DATA GROUPS ••••••••••••••••••••••••• :• •.. !9 •.• -.3·7· 
3.5.3. OPERATION OF PROGRAM ••••••••••••••••••••• 39 
3.5.4. PLOTTING DOWNLOADED DATA ••••••••••••••••• 45 
:.3 :·. 6 • MODAL ANALYSIS PROGRAM •••••••••••••• ~- • · •••••••••• 4 6 
3.6.1. MEASUREMENT LOCATIONS ••••••• ~--~~ •• ~~ •••• 47 
3. 6. 2. OBTAINING MEASUREMENTS ••••• ! ••••.•••.• -.••••• 48 
3. 6. 3. PROGRAM DESCRIPTION ••••••••••••.• : •• _ -•. •: ••••• 49 
3. 6. 3 .1. TITLE MODULE ••••••••.•.•.•.• : .,·. •: ••••• 50 
3.6.3.2. SPATIAL LOCATION OF 
MEASUREMENTS MODULE ••••••..•••.•.••• _.5.2 
-3 •. 6.·, •. 3.3. TRANSFER FUNCTION 
DISPLAY MODULE •••••••••••••••••• 54 
3.6.3.4. MODAL DATA EXTRACTION 
MODULE •••••••••••••••••• -.• ,.:,··:·-~, •...• :•: •. _,5 .. 5·. 
3.6.3.5. ANIMATED MODE SHAPE 
DISPLAY MODULE ••••••• ~~·~•~·····59 
4. PART 2: SIGNATURE ANALYSIS •••••••••••••••••••••••••• 61 
4 . 1 . BACKGROUND •••••••••••••••••••••••••••••••••••••• 61 
4. 2. SCOPE OF THIS SECTION ••••••••••••••••••••.••••••• 62: 
·, '>' 
4. 3. · DESCRIPTION OF CAM-FOLLOWER MECHANISM ••••.• ·• .. ·• : •.•.. · •.• 63 
4. 4. EXPERIMENTAL SET-UP ••••••••••••••••••••••••• : .••• ·• 64 
4.4.1. SPECTRUM ANALYZER CONFIGURATI0~ •••••••••• 65 
4. 5. EXPERIMENTAL RESULTS ............................... 69 
.....:__:. 
4. 6. PDGCOPY PROGRAM ••••••••••••••••••••••.• ·~ • ~· ~ ........ 70 
4. 7. DISCUSSION AND CONCLUSIONS ••••••••••••••..•.•.•• ·• ••• 71 
r 
4.8. ADDITIONAL INVESTIGATION: DAMPING 
MEASUREMENTS ••••••••••••••••••••••••• :~ ........... ·• •..••. :• 72: 
5 .: .C:ONCL us IONS ......... ~· ·• . •. •: .. • '• .•.•• : •.• ~.· •• ii, ...... , .•••• . ·!Ii. ;,. ..• · •. :• .: •••.• : .. 7:5: 
6. SUGGESTIONS FOR FURTHER WORK •••••.••••••••••••.• :• .•.•.••...•.• ·76: 
7. BIBLIOGRAPHY •••• ., •.•.• ~ .••...•. : ............................... 110 
Appendices 
A: SPECTRUM ANALYZER I/0 OPERATIONS •••••••••••••••••••• 111 
B: BIOGRAPHY ••••••••••••••••••••••••••••••••••••••••••• 114 
./' 
,, 
• 
"v"1 
:,.,,,._: 
\. . 
List of Figures 
1: Black box representation of -~ J.;i:-ne~r mechanical 
system ....................•• ~- ..........• : -., .• ,~ .••.•. '7:6. 
2: Block diagram showing operations ne?essary 
to measure a transfer function ..... ~~--~~-~ .. 79 
·3: Diagram of impact hammer ........................••... 80 
4: Time and frequency domain plots of an impact 
using the steel tip and no countermass ...• ~ ..• 81 
.5: Time and frequency domain plots of an impact 
using the plastic tip and no countermass .• •: ...... e-2= 
6: Time and frequency domain plots of an impact 
using the steel tip with the countermass ...•..•• 8i3-' 
7: Block diagram showing operations performed by 
the Scientific Atl~nta SD375 spectrum 
analyzer ..•..•..•.........•........ .; ... , . ··· •• ·• ... 84 
8: Photograph of the experimental set-up 
used in measuring transfer functions ....... :• -.~.·"!· .. • :•·8·5 
. 
9: Diagram showing the front panel key layout 
o f the SD 3 7 5 . . . . . . . . . . . . . . . . . . . . . . . . ~- ,.;. .. :·• -~· .• .. . . . . 8 6 
10: Diagram of SD375 showing the front panel 
.·. 
• • V11 
.. 
separated into groups ..••..•.... •. ~: .~ ...... • ..... • :• :.:a·7 
11: Description of the controls in groups 
1, 3, and 4 .•.......•...........••. ·;,. ., ··: •...••. '!' •.• ,88. 
12!: Description of the controls in groups 6,8,9 
and 11 ..................•........• · •. :.: .• ,; .•• : .•.. : .... 89 
:13: Diagram of the controls in groups 15, 16 
.. 
and 17 ........................• ·· ·:. :·· , ... :.·.··. ··· •.•.•... 90 
14: Time history of hammer impact and 
acceleration response showing the 
effect of the %DELAY function ......• , ............... 91 
15: Driving point coherence plot and transfer 
function of the free-free beam ..... ·:::~, ••.•....... 92 
16: Measurement locations for the free-free 
beam ex amp 1 e ............•............•....•.. ,. ~ ... : ·9'::3 
17: Imaginary part of the driving point transfer 
function ...••...•.......................••. ~ ...... 94 
18: MODAL program display of natural frequency 
data showing 4 natural frequencies ..•...•..... 9~ 
19: MODAL program display of natural frequencies 
and normalized mode shape data ................ 96 
20: Imaginary part of the second transfer function ....•.. 97 
21: Imaginary part of the third transfer function ........ 98 
22: Imaginary part of the four~h transfer 
:., 
• 
• • V11 
/ 
The Operator has 
Determined that the 
Previous Frame is 
Unacceptable and Has 
Refilmed the Page 
in the Next Frame. 
-\ 
• • 
-~ 
I 
·' 
,;. 
List of Figures 
1: Black box representation of a linear mechanical 
sys tern ............••.•.•.••..•.•••.•..••.• -~ • ·, f!i' :-7a: 
2: Block diagram showing operations necessary 
to measure a transfer functibn. ·····~~ •• ~ .. ~~79 
3: Diagram of impact hammer ......................•..•.... 80 
4: Time and frequency domain plots of an impact 
using the steel tip and no countermass .. ~~~.~.a·1 
$: Time and frequency domain plots of an impact 
using the plastic tip and no countermass.-.-~ ••• 82 
6: Time and frequency domain plots of an impact 
using the steel tip with the countermass ...• ~~83 
7: Block diagram showing operations performed by 
the Scientific Atlanta SD375 spectrum 
analyzer .••..•.•.•••......•.....••.• _ ..... _.._!I': ••••• 84 
8: Photograph of the experimental set-up 
used in measuring transfer functions ... ~~-~~ .. 85 
9: Diagram showing the front panel key layout 
of the SD375 ••....•...••..•.•....•..•••••••• ~~B6 
10: Diagram of SD375 showing the front panel 
• • V11 
separated into groups ..• -~ •.......•••. -. :• ...... _ ..• -.-~ • ·:•' •:87 
11; Description of the controls in groups 
1 , 3, and 4 .......................... :.·: ........ , .-i: •..•. , ••. •· 8·8. 
l:-2)- o·escription of the controls in groups 6,8,9 
', 
and 11 ..•.................................. : .•...... 8 9 
13: Diagram of the controls in groups 15, 16 
and 1 7 ...............................• •·: :~ ·• ......••.. •,: 9,:0 
14: Time history of hammer impact and 
acceleration response showing the 
effect of the %DELAY function ......••.•..• ~-.~~~11 
15: Driving point coherence plot and transfer 
function of the free-free beam .....•• ~~.~~ •... 92 
16: Measurement locations for the free-free 
beam example ....................•.............•..• -.:9~: 
17: Imaginary part of the driving point transfer 
function ...••...••...................... • .. ,. ,._. -~-- _._:9·4 
18: MODAL program display of natural frequency 
data showing 4 natural frequencies ....... "•· ~ ..• 95 
19: MODAL program display of natural frequencies 
and normalized mode shape data .........•••.... 96 
20: Imaginary part of the second transfer function ....... 97 
21: Imaginary part of the third transfer function ....•... 98 
22: Imaginary part of the fourth transfer 
• • Vl.l. 
; 
/ 
:/ 
.,.. 
/ 
-
function ..•...•..•..••.•.........•. •:: ··: .-. , .... -~ ·· ... ·.·., .. -.• --9.9: 
23: Imaginary part of the fifth transfer 
function ............................... -~- ....... -~ •. ~ •• ·1 Q:O:. 
24: Diagram of the cam-follower mechanism .•...••..•• if•~I01 
25: Photograph of the experimental set-up used 
to measrue the acceleration response 
of the cam-follower mechanism ......•....•.•• •: •.• 10:2 
26: Acceleration response spectra for the cam 
rotating at 7 Hz •••••••••••••••••••••••• ~ •••• 103 
27: Acceleration response spectra for the cam 
rotating at 15 Hz ••••••••••••••••••••••• ~·:••••104 
28: Acceleration response spectra for the cam 
rotating at 20 Hz •••••••••••••••••••••• ~.~- •• 105 
2-9: Acceleration response spectra for the cam 
rotating at 8.2 Hz ••••••••••••••••••• ~ ••••••• 106 
30: Frequency spectra for current entering the 
DC motor for the cam rotating at 8.2 Hz •••••• 107 
.31: Diagram of cam-follower mechanism converted 
, to a resonant system ..••....•.......... ,. ., ~ .•.. 108 
3·2: Transfer function for resonant follower 
system of cam follower mechanism ..••••.•..... 109 
• • • V111 
1. ABSTRA.CT 
Real time spectral analyzers, which convert a time 
domain signal to the frequency domain, ha-ve greatly reduced 
the amount of time required to perform many types of 
analyses. Manufacturers of this type of equipment have 
also designed them so as to· be relatively· easy to use. So 
easy, in fact that it is possible to gerterate result~ 
without an understanding of whether or not the data is 
correct. This the~is contairts a description of the opera-
tion of the Scientific Atlanta SD375 spectrum analyzer. A 
brief discussion. of the theory behind digit-al Fourier 
analys~s is presented so as to give the reader a general 
understartding of the functions performed by the analyzer. 
The references li·sted at the end of the thesis provide an 
excellent start for further reading. 
Specifically, two examples are presented which are in-
dicative of the types of problems that the spectrum 
analyzer can be used to· solve. The first example is an ex-
perim~ntal modal analysis of a simple free~free beam. Ex-
perimental modal analysis is a technique of determining the 
natural frequencies and mode shapes of a structure. For 
this example, auxiliary programs were written for transfer-
ring transfer function data to an IBM PC from the spectrum 
1 
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C .. 
analyzer, and for manipulating the transfer function·data 
that was downloaded. The operation and feature.s of these 
programs are explained. 
The second example that is presented is a signature 
analys~s of a cam-follower mechanism. This is one of ·the 
' 
more common applications of spectrum ahalyzers in the field 
of automation and high speed machinery. Signature analysis 
refers t.o the technique of observing the vibration of a 
portion of a rotating or vibrating device and investigating 
the causes of the vibration. This example illustrates the 
use of a program to transfer any type data from the 
analyzer to the PC. The signature an:alysis shows· show how 
sources of vibration can be identifi·ed and how certain 
vibration parameters can be determined 
<' -
2 
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2. INTRODUCTION 
One result of the computer revolution is that it is no 
longer possible to be proficient in any of the other fields 
of engineering with out some sort of computer literacy. 
Engineering problems that were once impossible to solve 
manually can now be solved quite quickly because of the 
speed of the computer and numerical analysis software~ An 
engineer who is able to use the computer to improve his ef-
ficiency and accuracy has a distinct advantage over one who 
cannot. Similarly, in the area of measurement and instru-
mentation, the appiicati6ns of computers and microproces-
sors have grown to the point that it is necessary for en-
gineers of all backgrbunds to be familiar with the opera-
tion of this type of· laboratory equipment. 
One particular piece of equipment that has greatly 
facilitated the analysis of dynamic and vibration problems 
is the real time digital spectrum analyzer. While there 
are many types of problems for which th~ spectrum analyzer 
is well suited, two of the more common ap.plications are 
signature analysis, and experimental modal analysis. In 
signature analysis, the vibration of a structure (or 
mechanic-al system) is analyzed to determine the source(s) 
3 
of its vibratory behavior (its signature). Experimental 
modal analysi~ refers to the procedure of experimentally 
determining the natural frequertcies and mode shapes of a 
structure. 
This thesis contains a discussion (including examples} 
of how the spectrum analyzer can be used to perform these 
two types of-vibration analyses. Because of its greater 
complexity, and the requirements for other equipment, the 
modal analysis will be presented first. To illustrate the 
steps required in this type of analysis, an example of a 
modal analysis of a free-free beam will be presented. The 
thesis then describes a signature analysis performed on a 
cam-follower mechanism. Without the spectrum analyzer, it 
would be almost. imp~actical to perform either of these 
types o.f analyses. 
,. 
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3. PART 1: EXPERIMENTAL MODAL ANALYSIS 
3.1. BACKGROUND 
In the field of Computer Aided Engineering, Experimen-
tal Modal Analysis (EMA) h~s· emerged as a valuable analysi:s 
tool. Modal analysis is a term used to describe the 
process of evaluating the dynamic behavior of a structure 
in terms of its unique, decoupled modal frequencies 
(eigenvalues) and observing its mode shapes corresponding 
to these frequencies (eigenvectors). Experimental Mod~l 
A_nalysis • 1S, as the name implies, an expertmental technique 
of analyzing a s·tructure' s behavior in terms .of its eigen-
vaiues and eigenvectors. EMA is extreme·1y ussful for such 
tas~s as verifying natural frequencies and mode shapes pre-
dicted by finite element models. Current technologies even 
allow the analy·st to perform -"what if" investigations. For 
example, what happens to the natural fr~quency and mode 
shape of a structure if mass is added to a particular 
point? 
As product life cyc.les ha.ve become shorter and 
shorter, many companies have come to depend on the speed 
and efficiency of EMA fbr dynamic investigations. EMA is 
1 widely used in the aerospace and automotive industries, 
5 
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both in new product design, and in trouble shooting exist-
ing products. 
3.2. SCOPE OF THIS SECTION 
This part of the thesis describes the procedures, and 
\ 
provides a theoretical basis for performing an experimental 
modal analysis. The hardware to be discussed includes a 
Scientific· Atlanta SD375 spectrum analyzer, an IBM PC and a 
PCB Modally Tuned Impact Hammer Kit. The fundamental task 
of an experiment~l modal analysis is to obtain valid trans-
fer functions. Much of what follows is a description of 
how to use the spectrum analyzer to measure transfer 
functions. 
The discussion begins with a brief theoretical 
analysis of the transfer £unction. The Scientific Atlanta 
spectrum analyzer and the impact ha~mer provide a fast and 
reliable way of measuring transfer functions. This thesis 
describes their operation and outlines the .steps that 
should be followed to obtain usable transfer function 
information. The thesis then describes the use of a 
program that was written to copy the transfer function data 
from the spectrum analyzer to an IBM PC where it can be 
stored for later use, and from which hard copies can be 
6 
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obtained. A discu·ssion of a plottin·g program is also in-
cluded here. The thesis concludes with a description of 
another program that actually determines the natural 
frequencies and mode shapes of a simple structure. The 
only data necessary to run this program are transfer func-
tions that have been judiciously obtained so as to provide 
meaningful descriptions of the structure's spatial defor-
mations. 
It is the purpose of this section of the thesis to 
enable someon~ with a basic understanding of dynamics, and 
some experience with experimental vibration equipment to 
perform an experimental modal analysis. Where appropriate, 
important points ~ill be illustrated by reference to exist-
ing experimental modal analysis data of a free-free steel 
beam. This free-free beam, though relatively simple, 
requires the ~ame operations that would be required by a 
much-more complicated structure, and serves to demonstrates 
the procedures required to perform an experimental modal 
analysis using the equipment and software mentioned above. 
7 
3.3. TRANSFER FUNCTION MEASUREMENT 
3.3.1. THEORETICAL DISCUSSION 
The measurement of the transfer function is the .heart 
of modal analysis. While current measurement equipment is 
designed to be used by operators without a detailed under-
startding of the ·mathematical theory of transfer fu~ctions, 
it is important to have a general understanding of what 
the data means and what to expect. This section is in-
tended to provide such an understanding. 
The transfer function can be defined in terms of the 
single input/single output system shown in Fig. 1, as the 
ratio of the Fourier transforms of the system output or 
response y(t) to the system input or excitation x(t). This 
can be written as 
where 
H(f) - Y(f) / X(f) ( 1) 
Y(f) - Fourier transform of system output y(t) 
X(f) - Fourier transform of system input x(t). 
The Fourier transform is simply a mathematical operation 
which decomposes an analog time domain signal into its com-
plex frequency components (amplitude and phase or real and 
8 
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imaginary components). (The precise mathematical defini-
tion of the Fourier transform js deferred for the moment.) 
Thus, the transfer function is also a domplex valued func-
tion that can be displayed in a number forms including mag-
nitude and phase versus frequency (Bode plot), real and im-
aginary components versus frequency, .and imaginary com-
ponent versus real .component (Nyquist plot). The real com-
ponent is often called the coincident part and the imagi-
nary component is o·ften termed the quadrature part of the 
transfer function. For this reas6n, the Nyquist plot is 
often called a Co-Quad plot. 
The transfer function may be computed directly as in 
eqn. (1). In practice, however, better results are ob-
tained by computing the transfer function as the ratio of 
the cross spectrum between the input and output to the in-
put power spectrum. Mathematically, this is shown to be 
equivalent ·to eqn. (1) as follows [1,p.8] 
where 
H(f) = Y ( f ) / X ( f · ) * * - Y(f)X(f) / X(f)X(f) 
- Gyx(f) / Gxx<f) (2) 
* X(f) - complex conjugate of X(f) 
Gyx(f) = cross power spectrum between the input 
* and the output= Y(f)X(f) 
9 
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Gxx(f) - input power spectrum - X(f)X(f)*. 
The usefulness of eqn. (2) lies in its ability to smooth 
data over time {average) whicih results in more accurate 
transfer function data. The actual equation that is most 
often used to calculate the transfer functions (experimen-
tally) can be written as follows 
H(f) - G(f)yx I G(f)xx (3) -
where G(f)yx - ense.mble average of cross power spectrum -
G(f)xx - ensemble average of input power spectru·m. -
Recalling that the Fourier transform yields a complex 
number; the transfer functi9n of eqn. (3) is also complex 
and has a real and an imaginary part. 
There is one other important reason for measuring the 
transfer function as a ratio of power spectra data: all 
relevant transfer funct~on data can be compµted from four 
power spectral quantities (the real part of the cross po~er 
spectr-urn, the irna.ginary part of the cross power spectrum, 
the input power sp~ctrum and the output power spectrum). 
For example, the coherence function between the input and 
output signals is defin~d as follows 
10 
'1 2 0 XY .( f) - JGxyCfJj 2 / Gxx<f)Gyy(f) (4) 
The coherence function will be equal to 1 of there is no 
measurement noise and will be O when th~ two signals are 
totally uncorrelatad. The fxv2 symbol is used by the 
analyzer we will be using to represent coherence. The 
coherence function is an indication of noise and non-
linearity contamination. The frequencies at which transfer 
function data is reliable will have a coherence value near 
1. The equations for calculating other trans·fer function 
quantities will be shown later in this document. 
For purposes of discuss-ion, the transfer function has 
been described as the ratio of the Fourier transform of the 
output to the Fourier transform of the input. This is ac-
tually a special case of the transfer function and is often 
referred to in the literature as the frequency resports~ 
function. The transfer function is actually the ratio of 
the Laplace transform of the output and input signals 
[2,p.26]. The Laplace transform equation ~s defined as 
follows 
G( s) -
0 
11 
( 5) 
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t 
where s = a complex number and is ·usu.ally written as 
s=O-+iW 
U-= real part of s 
W = imaginary part of s 
Since sis a complex number, a solution to the ratio of two 
Laplace transformed signals would be a surface above the 
complex Laplace ors plane. That .is, for each value of s 
( <r + iW ) which defin·es a point in the s p.lane there exists 
a unique point above this plane whose ·distance from the 
plane corresponds to the magnitude of the transfer 
function. The Fourier transform is defined as follows 
00 
G( iW) - . g( t )e-iW dt ( 6) 
0 
The Fourier transform is merely the Laplace transfbrm 
evaluated along the frequency axis ( s = i W) of the complex 
Laplace plane. The Fourier transform is, as ·ment~oned 
above, a complex-valued function of frequehcy and must be 
represented by its real and imaginary parts. 
The th~oretical aspects of the transfer function are 
.relatively straight forward. Measuring one 1 on the· other 
hand, c.an be quite tricky. There must of course be an in-
12 
\ 
put signal, a response signal and a means of measuring them 
both. There must also be a wa.y of obtaining the Fourier 
transfer~ of these two signals and a device capable of per-
forming mathematical operations on these transforms~ Fig. 
2 is a block diagram which shows how transfer functions are 
usually measured. Transducers are used to cbnvert the in-
put and output signals (force 1 displacement, velocity, 
etc.) to analog voltages. These voltages are then captured 
by a spectrum analyzer which performs various operations on 
tnese signals. The result is a transfer function. 
The following paragraphs in this section will describe 
the procedures and equipment used for obtaining the input 
and output signals, and will illustrate the use of the 
spectrum analyzer~ 
3.3.2. EXCITATION TECHNIQUES 
The vibration response of structures behaves .somewhat 
like narrow band filters. At certain frequencies, points 
of a structure will exhibit large vibratory responses due 
to ekcitations at specific locations, while at other 
frequencies, the vibration response will be barely 
detectable. In order to completely describe the response 
of a structure due to an excitation at some point 1 the in-
13 
put must excite all frequencies throughout the range of 
interest. There are many ways of accomplishing this type 
"" 
of exci ta-ti on. One of the more traditional ·techniques is 
called the "swept sine" method, rhereby a sinusoidal ex-
citation -signal is applied at th\ input location on the 
structure, and the frequency of the sine wave is "swept" 
through the range of interest. Another technique is to use 
a white noise or broad band random noise signal that con-
tains all frequencies of interest. Though requiring much 
less time to perform, this method, like the swept sine 
method, often requires elaborate fixturing to attach the 
structure- to an electromechanical transducer (shaker) which 
provides the input vibration. 
3.3.2.1. IMPACT METHOD 
DESCRIPTION 
An alternative to using the types of signals noted 
above as inputs is to use an impulse to excite the struc-
ture [1]. Theoretically, a perfect impulse contains ~nergy 
at all frequencies. With the impact method, the structure 
is excited by impacting, 6r hitting it with a hammer that 
is equipped with a load ceil at its tip. The impact 
14 
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provides the impulseJ and the load cell, which is a force 
transducer, produces·a voltage signal that is proportional 
to the magnitude of the force with which the structure ~s 
hit. The advantage of this technique is that it needs very 
little special fixturing. The main disadvantage of this 
\ 
m~thod -is that it does not allow the artalyst as much con-
trol over the frequency content of the exci t-ation signal as 
the other methods mentioned above. 
It is possible, however, to exercise limited control 
over the type o.f s·ign_~l generated by the imp·act hammer. 
Fig. 3 is a diagram of an impact hammer. The load cell •· 1S 
located at the· hammer's tip. The frequency content is con-
trolled by the addition of a countermass to the back of the 
hammer's head, and by fastening tips of different material 
in front of the load cell. Fig. 4 shows the time history 
of an impact of the hammer equipped with a steel tip and no 
counter weight. The second trace in Fig. 4 shows the fre-
quency component of this particular impact. This curve 
show-s that the impulse contains. frequency components well 
over 4000 Hz. Fig. 5 shows the trace of an impact made 
using the hammer without Jche countermass and a soft plasti.c 
tip. This .impact is much longer in duration than the one 
shown in Fig. 4. Also note that the frequency content 
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shown in Fig. 5 is much less than that of Fig. 4. Fig. 5 
shows that the impact includes frequencies only out to 
about 3000 Hz. Fig. 6 shows the time history of an impact 
made using the hammer equipped with the steel tip and the 
counter mass. Note that the frequency content of this im-
pact is somewhat less than that in F~g. 4, but more than in 
Fig. 5. Adding the counterm.ass and using the softer tip 
tends to concentrate more energy at lower frequencies, 
whi.le using a lighter hammer with harder tips cause the im-
pact to be sharper and generates energy at higher 
frequencies. 
KIT CONTENTS AND IN·STRUCTIONS 
The impacts of Figs. 4, 5 and 6 were made using the 
PCB GK291B General Purpose Modally Tuned Impact Hammer. In 
addition to the hammer, the hammer kit includes the 
following: accelerometers (to be described later), a steel 
countermass, hammer tips of different materials, 4 cables 
( 2 short and 2 lo-ng), and and ~wo variable gain amplifiers. 
A few points should be made concerning the use of the 
impact hammer. First, NEVER attempt to remove the load 
cell frbm the hammer as this will render the calibration 
data useless. Second, ALWAYS mount one of the tips to the 
' 
'' 
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end of th~ load cell before striking an object. Failure to 
do so will damage to the load cell. 
Before using the hammer, first determine which hammet 
tip to use and whether or not the countermass is to be 
attached. This is usually a trial and error proces.s that 
t, . 
cannot be performed until one is familiar with the spectrum 
analyzer (read on). Screw the tip on snugly by hand, don't 
use a wrench. ~ The next step is to connect the load cell 
(the connector lead is located at the base of the hammer· 
grip) to one of the amplifiers (remove the terminal caps 
first). Connect one end of one of the long cables to the 
hammer and the other end to the XDCR terminal on the 
amplifier. Set the amplifier to unity gain. Then connect 
one end of a short cable to the SCOPE jack on the amplifier 
and the other (BNC) end to the spectrum analyzer. The 
power switch on the amplifier must be turned on for it to 
function. Finally, remember to turn the power off when 
thrbtigh and to replace the terminal caps on the hammer .and 
the amplifier. 
3. 3. 3. RESPONS·E ACCELERATION 
Just as there are ma.ny methods· of providing an exci ta-
tion signal to a st·ructure, there are also many ways. of 
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measuring the response of the structure to these exbi-
tations. One of the more common techniques of measuring 
vibration response is with an accelerometer. Ac-
celero~eters generate a Voltage proportional to the ac-
celera·tion at the point where they are mounted. 
For the discuss~ons and examples to follow, all 
response vibrations were measured with a PCB 302A07 ac-
celerometer which was included in the impact hammer kit. 
(The kit also includes a much smaller, lighter weight 
accel.erometer, b-ut this was not used. ) The accelerometer 
was mounted to one end of the steel· bar by gluing (Loctite 
Instant Adhesive was also included in the kit} the ac-
celerometer mounting pad to the bar and then fastening the 
accelerometer to the pad via the small mounting stud. 
The -accelerometer is connected to the spectrum 
' 
analyzer by first attaching one end of the long wire to the 
accelerometer and the other end to the "XDCR" j a.ck on the 
other amplifier. This amplif~er should also be set for 
unity gain, and the remaining short wire is used to connect 
the amplifier to the spectrum analyzer. Remember to turn 
the power to the amplifiers off when through taking 
measurements and to replace the lead caps before returning 
the instruments to the case. -
18 
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3.3.4. USING THE SPECTRUM ANALYZER 
Many of the recent advances in vibration measurement 
technology can be attributed to the development of the 
microprocessor and its application to digital signal 
processing. A valuable product that has emerged as a 
result of the merging of these technologies is the real 
time spectrum analyzer. In the discussions which follow, 
.~ 
the intent is to familiarize the reader with the workings 
of Lehigh University's Scientific Atlanta SD375 spectrum 
analyzer and to enable the reader to use the analyzer to 
measure transfer functions using the impact excitation 
technique mentioned above. A detailed discussion of digi-
tal signal processing and spectrum analyzers is- beyond the 
scope of this work. The bibliography contains references 
for those who desire more information concerning topics 
mentioned in this report. 
3.3.4.1. CONCEPT OF OPERATION 
Fig. 7 is a block diagram showing how typical vibra-
tion data is manipulated by the SD375. When an analog sig-
nal enters the SD375 spectrum analyzer, the time domain 
signal first passes through a low pass filter to prevent 
high frequency data, beyond the range of the instrument, 
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from showing up in the sample and distorting the results 
( this phenomenon is called "al_iasing"). The signal then 
! 
passes into an. A/D (Analog to Digii{al) converter where it 
is sa~pl~d and qu~ntized into 1024 tie-distributed voltage 
levels. Each· level is called a "eel 11 • The length ( in 
time) o·f the time sample is determined by the frequency 
range (FR) specified by the operator. The sampling rate is 
2.56 x FR. Thus, the time it takes the analyzer to obtain 
1024 samples is (1/(2.56 x FR)) x 1024 = 400 x 1 / FR 
(i.e., for a frequency range of 100,000 Hz, it takes 4 msec 
to obtain the 1024 values which make up the time domain 
ensemble). These discrete time domain voltage v~lues are 
then passed through an FFT (Fast Fourier Transfo~m) 
.routine. The result is a "spec.trum 11 , or frequency domain 
distribution of the time domain measurement. The real and 
imaginary components of the frequency domain information 
are each stored as 400 data points or cells, and each cell 
corresponds to a different frequency. The frequency spac-
ing between cells is equal to the frequency range./400. The 
FFT is simply a numerical approximation algorith~ that per-
forms the Pourier transform operation mentioned above (the 
only difference is that it operates on discrete values as 
apposed to a continuous function)~ 
20 
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For a more detailed description on the operation of 
the SD375 spectrum analyzer, refer to [3], the operator's 
manual which should be with the analyzer. 
3.3.4.2. INITIAL EQUIPMENT SETUP 
The power cable is located on the back panel of the 
analyzer. The On/Off button is located on the front panel 
in- the lower left corner. First plug in the unit, then 
turn the power on by pressing the On/Off button. When the 
power is turned on, the On/Off button will glow red, and 
the analyzer will perform a short initialization sequence. 
The analyzer remembers how its buttons were last set, so 
·there is no way of telling what cortfiguration the ana.lyzer 
will be in when the unit is turned on. 
Prepare the transducers and connect the peripheral 
equipment to the spectrum analyz~r as described below. 
A. Use the small stud to attach the accelerometer to· 
mounting pad located at one end of the steel 
beam. Screw the accelerometer on snugly, but do 
not apply too much force or tbe mounting pad will 
break off and it will have to re-glued to the 
beam. Place the bar on the foam rubber pad. 
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B. Screw the steel tip on to the impact hammer. You 
may trt other tip materials, but the steel seems 
to w.ork best. You ·may also attach tne .counter 
) 
mass if you wish, but this doesn't eeem 
necessary. 
C. As described in the section '' Impact Method" and 
"Re.sponse Acceleration 11 o.f this :t"eport, connect; 
the input force signal from the impact hammer to 
the INPUT A jack on the front of the analyzer. 
Also connect the accelerometer response si~nal to 
·the INPUT B jack. Use the short cables supplied 
with. the impulse hammer kit to make the connec-
tions from the SCOPE terminals on the amplifiers 
to the BNC connectors on the analyzer front 
panel. The impulse signal should be connected to 
the INPUT A jack on the analyzer, and the 
response acceleration signal shoOld be connected 
to the INPUT B j~ck. Turn on the amplifiers. 
Fig. 8 shows a photograph showing how the equipment should 
be configur·ed in order to make transfer function measure-
ments of the steel bar. 
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3.3.4.3. CONFIGURING THE ANALYZER FOR 
IMPACT EXCITATION 
All of the keys that are used to operate the analyzer 
are located on the front panel bf the SD375. One of the 
most difficult aspects of learning to use this analyzer is 
locating the key that you wish to press. One thing to keep 
in mind that may help you locate certain keys is that all 
of the keys are grouped according to certain types of 
operations that they perform such as manipulating the cur-
• 
sor or selecting the type of function that the analyzer is 
to perform and display. Fig. 9 is a diagram of the front 
p~nel of the SD375 showing locations of all the keys. Fig. 
10 shows how the keys are organized into functional groups. 
These ·are the groups used b_y Scientific Atlanta in their 
User's Manual. Figs. 11 through 13 briefly describe the 
functions ·of some of the more frequently used group·s of 
keys. Refer to the operators manual for a detailed 
description of what each of the keys does. 
I 
The following sequence of key strokes will cortfigure 
the spectrum analyzer so as to allow one to measure trans-
fer functions of the free-free beam. The majority of the 
steps would be the same for any measurement using the im-
pact method. Some of the operations included in this 
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sequence are described as they are used. For more informa-
tion on those that are not, refer to the operator's manual. 
A. Press the following buttons in the sequence 
indicated. .First press the PANEL button, then 0 
on the number keypad, followed by the RCL button. 
This will recall a pre specified front panel 
configuration .. 
B. Press the TF button located in the FUNCTION group 
of analyzer keys. This activates the transfer 
function measurement capabilities of the 
analyzer. The LED on the TF button Should be 
lit. 
C. Press the MENU button located in the same group 
of keys. Press~ng the MENU key causes the 
analyzer to display the options available for any 
function that has been selected (indicated by t~e 
red LED in the upper left corner of the function 
key). These options are displayed on the 
analyzer,. s CRT. 
D. Press the UP or DOWN arrows until the asterisk is 
in front of the selection TF and 2 (transfer 
function and coherence). Thi~ selects the type 
of ~ransfer function data display. 
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E. Press the OPER button in the Function group. 
This activates the choice made in F. The steps 
for activating the various types of displays Zor 
the different functions are similar to D through 
G. 
F. Select a frequency range of 4000 Hz. To do this 
press the UP or DOWN arrows located in the CHA & 
B function group. The maximum frequency is indi-
. 
cated in the lower right corner of the analyzer 
display. This range includes ·the f i:cst few 
natural frequencies of the free-free beam. The 
maximum frequency will be displayed on the 
analyzer display near the bottom right corner. 
(The maximum frequency will correspond to the 
maximum value on the X axis ot the trace(s) shown 
on the display. ) 
G. Select the transient wetghting function by 
pressing ·the SPCL button which is located near 
the frequency keys. The type of weighting 
selected will appear on. the top line of the 
analyzer display. Choosing the SPCL weighting 
will cause a "TR" (TRansient) to be shown near 
the center of this line. Choosing the proper type 
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of weighting is extremely important for obtaining 
good transfer functions. Please refer to the 
operators manual for a discussion of what t·he 
weighting does and how to choose the appropriate 
type of weighting available on the SD375. 
SE1 TRIGGER THRESHOLD PARAMETERS 
A. Set the ch~nnel A threshold trigger level to 10% 
by f~rst pressing the CH A button on the 
parameter group~ followed by the TH% button. 
Then key in a value of ·10 and conclude the 
sequence by pressing the ENT ·button. 
B. For channel B press CH B, TH%, 10, ENT. The in-
ternal trigger will activate when channel A and B 
reach 10% of their full scale value. 
SET DELAY PARAMETERS 
A. For channel A, press CH A,% DELAY, -, 10, ENT . 
. B. Press CH Br% DELAY, -, 10, ENT. This ·delay will 
ensure that all transient data will be saved in 
the analyzer memory. The effect of this command 
can be seen in Fig. 14, which shows the time his-
tory of an impact and the resultant response 
. . 
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acceleration. Notice that both signals begin 
after 1.0 msec which is 10% of the full length of 
the time sample (10.0 msec). 
ADJUST INPUT L:EVEL 
A. Set Channel A for a sensitivity of 10.02 mV/lb. 
B. 
To do this press the CH A button located at the 
top left of the PARAMETER functions followed by 
the MV /EU button j.ust beneath it. Then p·ress t·he 
number keys 10.15. The numbers entered and the 
the parameter (MV/EU) will appear on the second 
. . 
line of the analyzer display near the. right side. 
Conclude the entry by pressing the ENT key. The 
values on the screen will disappear after a few 
seconds. 
In a similar fashion, enter the sensitivity 
(MV/EU) for the accelerometer (CH .B) as 10.15 
mV/g. The entries for any of the parameter set-
tings cari be checked easily. For example, to 
veri.fy that the response c·hannel has the proper 
sensitivity press the following keys: CH B, 
MV/EU, RCL. The value will. appear in the upper 
left corner of the screen. These transducer sen-
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sitivities were provided by the manufacturer (PCB 
Co. ) . These sensitivity settings do not affect 
the operation of the analyzer, they are simply 
used as a convenience and reference feature. 
C. Adjust Channels A and B voltages for maxi~um sen-
sitivity without overload. To do this, fir~t 
plac:e the bar on the foam pad ( the accelerometer 
should be pointing up~ard). Then make several 
impacts on the bar near the accelerometer. (You 
do not need to hit the bar very hard!) While 
doing this, adjust the Full Scale voltage levels 
for the two cha·nnels by pressing either the UP or 
DOWN keys located in the CH. A and CH B groups of 
buttons. Ideally, tt1e .5 FS (50% of full scale) 
LED's should light but not the red overload LED. 
If the overload light comes· on, either hit the 
structure softer of increase the full scale volt-
age level. The sensitivities are Shown on right. 
side of the top line of the analyzer display. It 
i.s not necessary for the full scale voltage 
levels of channels A and B to be the same. Good 
results have been obtained, however, with both 
ch·annels set for a maximum sensitjvity of 0.5 V. 
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Note, the full scale sensiti~ities are related to 
the maximum frequency setting, so if you change 
the frequency range, you may have to reset the 
overload voltage levels. Frequently the analyzer 
requires a "warm up" period during which time one 
.-. 
• \l-o £ the channels overloads with very little input 
signal. Do not worry if this happens, the 
analyzer should correct· itself in a few minutes. 
3.3.4~4. MEASURING DATA 
A. Select the number of averages desired. To do 
this first press the AVG N key on the PARAMETER 
group, then press· the number of averages (10 - 20 
will usually suffice). Termin~te the entry by 
pressing the ENT button. It is possible to stop 
taking measurements before the number of averages 
is reached. 
B. Press the TRANS AUTO button located,in the 
AVERAGE (M) group in the upper right corner of 
the front panel. This will cause the analyzer to 
automatically arm the trigger after each impact. 
The trigger will cease to arm itself after the 
selected number bf averages has been obtained. 
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C. Press the ERASE key to erase the averager memory~ 
This k~y is- located in the AVERAGE (M) group. 
D. Press the S-TART key ( also in the AVERAGE ( M) 
group). 
The ·SD375 is now ready to take data, and if the input 
level for the analyzer is above the threshold level and 
be.low the overload point of each channel, a transfer func-
tion and its coherence will be seen on the display. Con-
tinue ·to make impacts near the response accelerometer until 
the averager is full or until satisfactory results have 
been obtained. Try to strike the beam as near as possibl~ 
to the same location each time. The analyzer can be 
manually disarmed by pressing the STOP key. More than one 
sample must be taken, however, in order to obtain reliable 
transfer function information. 
Note, occasionally, the analyzer does not seem to 
trigger properly. If this should happen, try turning off 
the auto transient arm by pressing the TR.ANS AUT.O button 
(this should turn off the LED in the upper left corner of 
the button). If the START button is activated (its LED i$ 
on), the analyzer should begin taking averages of the floor 
noise automatically. :Let the analyzer average a few ( 4 o.r 
5) samples and then stop the averaging by pressing the STOP 
.;1,· 
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button. Begin collecting data by following the instruc-
tions beginning with step B above. IfJ after making an im-
pact that causes the SD375 to overload, the red LED over-
,,. 
load light stays on, try pressing the MEM HOLD button 
twice. This usually .causes the LED to gb out and readies 
the analyzer for another impact. 
Fig. 15 is a plot of transfer function arld coherence 
data that was obtained by impacting the hammer near the 
response accelerometer. Your transfer function should look 
something like this. 
3.3.4.5. MANIPULATING THE DISPLAY 
Many of the buttons on t·he front: pan-el of the SD375 do 
nothing more than change t·he way that the da-ea is 
displayed. For example, the screen now shows (or should 
show) two traces: the coherence in the top portion of th.e 
" 
screen and the transfer function in the bottom. (When the 
upper trace of data is shown in less than half of the total 
height of the screen, the display is in what is called 
"scroll" mode. ) ·To display either the cohere-nee or trans-
fer function alone pr~ss the DUAL/SINGLE button on the DIS-
PLAY group. To swi tel1 between traces press the UPPER/LOWER 
button locat~d in the same group. To return to the scroll 
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to view ( via t:he UP and DOWN arrows) and press the OPER 
key. For example, to view the transfer function and phase 
angle information, move the asterisk to selection 1 and 
press MENU. 
3.3.4.6. CURSOR OPERATION 
The c·ursor is a valuable aid in reading values of·f the 
analyzer trace. To move the cursor either right or left 
pr~ss the large right or left arrows located at the top of 
the CURSOR block of keys. Oepending on the number of 
curves on the analyzer scope, there will appear either 1 or 
2 trace values corresponding to the X location of the 
cursor. These values are shown on the bottom line of the 
analyzer display. This display line will first show the X 
value of· th·e cursor ( frequency), and then the value ( s) o-f 
the trace(s) at the cursor location. The cursor marker can 
be moved from the upper trace to the lower ana: visa versa 
by pressing the LOWER or UPPER keys which ar~ located in 
the CURSOR group. The RESET key moves the cursor back to 
the first point (cell) of ·the trace. 
3.4. INTERPRETING THE TRANSFER FUNCTION 
The transfer function is a measure of the amount of 
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gain or attenuation that the beam has at various 
frequencies. The type of transfe·r function that you have 
created is called accelerance (also known as inertance), 
and is p_robably the mos.t common type of transfer function 
er 
that is measured experimentally~ When viewing accelerance, 
the resonant frequenc~es are positive-going, that is, they 
are located at the peaks of the transfer function curve. 
At these ·frequencies the output is a.mplified. The negative 
peaks indicate frequencies at which the output is 
attenuated. Physically, this means that· at these 
frequencies the beam becomes very massive and very stiff. 
At thes~ frequenciesj there is little motion~ and without 
motion, the accelerometer does not generate a response sig-
nal and its output is near the noise floor. This is why 
-~ 
the coherence is typically lower at anti-resonant 
frequencies. 
When, as in the case of Fig. 15, the impact force is 
applied very close to the response poin-t, we get what is 
called the driving point transfer function. This par-
ticular transfer function has the following characteristics 
[4,p.5]: 
A. rhe force is 90 degree.s ou·t of phase with the ac-
celeration at resonance (if the accelerometer and 
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the impacts are made on the same side of the 
be.am). 
B~ The motion of all modes of vibration (resonant 
frequencies) is in the same direction. 
C. Large anti-resonances can be seen preceding each 
resonance. l 
D. The imaginary component of the transfer function, 
which displays the relative amplitude and direc-
tion for all bending modes, displays either all 
positive or all negative peaks, depending on the 
phase relationship between the transducers. This 
is a result of B above. 
See [4] for a more detailed explanation 6f how to interpret 
the transfer function. 
In order to clear the display, press the ERASE key lo-
cated in the AVERAGE (M) group. Try making a new transfer 
function by impacting the structure near the end opposite 
the response accelerometer or near the middle of the beam . 
. To do this, repeat steps A through Din the TAKING DATA 
section above. The new transfer function should be dif-
feren.t .from the one obtained previously. Notice also that 
the imaginary comp6nent of the transfer function may not 
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display all positive going or negative going peaks as it 
does for the driving point transfer function. 
The next step in perf~rming an experimental modal 
analysis is to obtain trans.fer fundtions at different im-
pact locations along the length of the beam. These trans-
fer functions will. then be downloaded, one at a time~ .to· 
the IBM PC. Once on the PC, a program can be run which 
will determine the mode shapes corresponding to each iden-
tified natural frequency. 
3.5. TRANSFER FUNCTION COPY PROGRAM 
• 
The following section describes how to use the program 
TFCOPY to copy transfer functLon data from the SD375 
spectrum analyzer to the IBM PC. This description assumes 
little prior knowledge of the IBM PC and does not intend to 
familiarize you with its operation. For a de·tailed 
' 
descriptions of IBM PC commands used in this section refer 
to the IMB PC/DOS manual. Unfortunately, the IBM PC is not 
as idiot proof as the spectrum analyzer, and valuable in-
formation and programs can be destroyed if you input the 
wrong bommands. For this reason, if you are upcertain of 
what you are doing or get stuck, PLEASE ask for help rather 
than pres~ing random keys. 
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'') 3.5.1. HARDWARE AND CONNgCTIONS 
The IBM PC should already be properly configured for 
do·wnloading the data. The following PC equipment should be 
present and connected: an IBM PC/XT, an IBM keyboard, a 
Princeton Graphics System (PGS) amber graphics monitor (or 
any other graphics monitor and graphics adapter ca~d) and a 
dot matrix printer (optional). The only additional equip-
ment required to transfer data between the spectrum 
analyzer and the IBM PC is a cable with 25 pin D connectors 
on either end. This cable should be found with the PC. 
Plug one end of the cable into the RS 232 jack on the back 
panel of t·he spectrum analyzer. ( It will only fit one way. ) 
Insert the .other end of the cable into the se·rial p.ort on 
the rear of the IBM PC. If the printer' is connected, there 
should only be one jack available for this connection on 
\ 
t'be PC. 
' 
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3. 5. 2 .\\DATA GROUPS 
\ 
\ 
In °'\er to use the download program effectively, you 
must first,ave a basic understanding of the two data 
groups that ~- ;nalyzer sends to the PC. The first of 
these is the FRO T PANEL MAP ·which con~ists of 101 bytes (8 
bits) that are trahsmitted in ASCII coded Hex. (All this 
' ' \. 
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means is that each byte is represented by two ASCII 
characters.) The front panel map, as the name implies, 
contains all the information necessary to complet~ly 
describe the current configuration of the spectrum analyzer 
front panel button settings. Included in the front panel 
map is such information as the ·voltage sensitivity settings 
for channel A and B, the frequency range, the type of 
·, 
weighting being used, the type of display, and much more. 
\ 
The second group of data that is transmitted by the 
analyzer is the.transfer function group. When the analyzer 
computes the Fast Fourier Transform (the FFT is a numerical 
scheme that the analyzer uses to compute the Fourier trans-
form of the analog signals) of a time domain signal, the 
result is 400 data points in the frequency domain. This 
means that the display of a transfer function consists of 
' .. 
400 points. The total group of transfer function displays 
(i.e., transfer function, phase, coherence, imaginary and 
re·al parts) c-an be calculate·d from 4 basic pieces of data. 
As shown in eqn. (3), the transfer function itself is Cal-
culated from the ratio of the cross power spectrum and the 
input power spectrum. The cross power spectrum, however, 
consists of a real and an imaginary part. Thus, the real 
and imaginary parts of I the cross power spectrum, along wi·th 
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the input power spectrum, and the output power spectrum are 
I 
the 4 pieces of data that the analyze; retains in its 
memory. These 4 data items are identified by the following 
symbols 
GAA 
GBB 
GBA REAL 
GBA !MAG. 
Input power spectrum 
Output power spectrum I \ 
Real part of cross power 
spectrum 
Imaginary part of cross power 
spectrum 
From the 1.600 data items (4 types of data* 400 cells of 
the frequency axis) all the different types o.f transfer 
function displays can be generated. So, when the transfer 
function data group is downloaded to the PC, 1600 pieces of 
information must be transferred. (~hese are floating point 
values and each number consists of 4 bytes of information 
which when coded in ASCII hex result~ in B characters per 
floating point value.) 
3.5.3. OPERATION OF PROGRAM 
To ~egin the download procedurs, first 1 turn on the 
• 
power to the PC. After DOS has booted up, respond to the 
DATE and TIME questions. You should then see the DOS 
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prdmpt C:\>. The program you will use resides on the fixed 
disk in the directory FFTXFER. To gain access to this 
directory type in the fo1·1owing command ( output of programs 
or DOS that is displayed on the screen will appear· in ( 
boldface. Inputs or responses that you should type appear 
underlined.) 
C:\> CD\FFTXFER <CR> 
NOTE, <CR> means press the RETURN ke_y. Unless otherwise 
indicated., always terminate an input sequence with a 
RETURN. 
The prompt C:\FFTXFER> should now appear on the screen. 
Before running the program, you should have the trans-
fer function you wish to trans£er to the PC on the spectrum 
analyzer display scope .. To run the program, enter the fol-
lowing command: 
C:\FFTXFER> TFCOPY <CR> 
this will cause t.he program to begin exe.cuting. The fol-
lowing line of text should appear on th~ ~creen 
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Transfer Function Components Copy Program Now Beginning 
Press any key to begin reading in Front Panel Map .... 
The program will wait for you to press any key before 
continuing. As soon as you press a key, the prog·r-am will 
bagin reading the front panel map data from the analyzer. 
If the p·rogram aborts at this stage, there is probably 
spurious information on the data line. You might have to 
try runntng the program a fe~ more times before it will 
work. Whe.n the· prog·r·am is working·, it will count the num-
ber bytes it has read and will display this number at end 
of the line on the screen of the PC which reads 
Number of Front Panel Map Bytes Read -
L 
When this number reaches 101, the- counting should cease, 
and the program will display information on the screen that 
indidates the status of some of the buttons on the front 
panel of the analyzer. A typical display might appear as 
follows 
Window Used is TRANS 
The Function button is set to TF 
... 
Channel A Input Level - 0.5 V -
Channel B Input Level - 0.5 V -
Frequency Range is 4000 Hz 
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Make sure that these numbers agree with the settings of the 
analyzer. If they do not, type CTRL BREAK to terminate the 
program, and try running it again. 
The program will then prompt you with the following 
li.ne 
Press any key to continue ... 
Upon pressing any key, the program will begin downloading 
transfer function data from the spectrum analyzer to the 
IBM PC. The program will count the number of value~ that 
it has read and decoded. When this number reaches 1600 
( 400 cells ·times 4 data i terns per cell), the program will 
stop counting and will issue the following prompt 
Enter Filename for TF data output storage <£name.ext>? 
'· 
1 
The filena~e you designate for the output should conform to 
the following convention: 
a. 1: The maximum tot~l number of charac·ters is 13 
J' 
b. the first part of the name should be no more than 
8 characters long, followed by a number designat-
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ing which transfer function you are copying. 
c. the remainder of the filename should consist of a 
period(.) and a 3 letter extension. 
An example of a valid filename would be TFBARl.OUT. The 
second transfer function copied would be called TFBAR2.0UT, 
etc .. 
The program will next prompt you for .a title line to 
go at the top of the output file you have just named. This 
prompt will. appear as follows 
Title:? 
The title should be a descriptive set of characters no more 
than 72 characters long. Hit RETURN ·to end the title. 
lhe program will write this title line to the file, 
followed by 3 more lines of descriptive data which includes 
the channel A and channel B overload voltage levels, the 
type of weighting, and the maximum frequency. The program 
will then decode the data all the transfer function data 
and will write it to the specified file. Each record con-
tains the following information: 1) frequency, 2) magnitude 
of the transfer function ( TF), 3) phase (PH), 4 )- coherenc.e 
(COH}, 5) real part of the complex transfer function 
i 
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( TFRE), 6) imaginary part of the complex t·ransfer function 
(TFIM), 7) input power spectrum (GAA), 8) response power 
spectrum (G88 ), and 9) the magnitud~ of the transfer func-
tion expressed in \e~ibels referenced to 0. Data items 2 -
9 are all calculated by the program using the 1 4 pieces of 
t, 
data stored by the analyzer. The formulas used to calcu-
late the values are as follow·s 
TF - (GBA REAL2+GBA IMAG2 )" 5/GAA 
... 1 
PH - TAN (GBA IMAG/GBA REAL) 
2 2 COH = (GEA REAL +GBA IMAG )/(GAA*GBB) 
TFRE - GBA REAL/GAA 
TFIM = GEA IMAG/GAA 
DB RE O = 20*LOG10 (TF) 
( 5) 
( 6) 
( 7 ) 
( 8 ) 
( g) 
(10) 
The first data record· is also written to the screen so t.hat 
the user can verify the accuracy of the information. These 
nu·mbers should be nearly th.e same as the values .on the 
analyzer screen associated with the left-most cursor loca-
tioh (first cell). 
Once the program has written all the data to the file, 
it is a good idea to check its validity by typing out a few 
lines of the file and verifying that the values are 
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correct. To see the first· few lines of the file, type 
C:\FFTXFER> TYPE £name.ext <CR> 
You can then toggle the scrolling of the screen off by hit-
ting CTRL Sc.roll Lock and you can return the screen to 
scrol~. mode by typing any key. To stop the PC from typing 
the file, type CTRL C. 
3.5.4. PLOTTING DOWNLOADED DATA 
Before attempting to plot the data first type the fol-
lowing command: 
C:\FFTXFER> GRAPHICS <CR> 
This command alldws graphic·s data to be printed on the dot 
matrix printer. The transfer function data that you have 
just copied from the. analyzer to the PC can be plotted by 
typing the following command: 
C:\FFTXFER> TFPLOT <CR> 
The program will first prompt you for the name of the file 
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in whibh the data resides. It will then ask you to input a 
n~mber corr~sponding to a particular data group. Next, the. 
program will allow you to input a title for the plot. If a 
title is desired, input the characters after the title 
prompt. Terminate the title with .a RETURN. If no title is· 
desired, hit the RETURN key. The graph will be drawn when 
the next key is .struck. When an acceptable graph· appears 
on the terminal, a hard copy of the data can be obtained by 
pressing the SHIFT key and the PRT SC (print screen) key 
simultaneously. (The printer must be turned on for this to 
work.) To plot another set of data or to exit the program, 
type any key and f·ollow the instructions in the prompt . 
3. ·6. MODAL ANALYSIS PROGRAM 
Once you have become proficient at obtaining transfer 
functions and downlo·ading· th8m to the PC, performing an ex-
perimental modal analysis is relatively easy. The follow-
ing paragraphs will describe the procedure for the free-
free beam. The steps woul.d be the same for virtually any 
structure. As it stands, the MODAL program wi·11 only per-
.... 
form analyses on 1 dimensional structures, i.e., bars with 
different boundary conditions~ Only one section of the 
program -(animated mode shape display) needs to be modified 
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, for it to handle 2 dimensional structures such as plates. 
3.6.1. MEASUREMENT LOCATIONS 
The first step in the modal analysis is to decide 
where to impact the structure to obtain different transfer 
functibn measurements. Imagine that the bar lies along the 
X axis, and that the impacts are made in the ·z direction. 
The easiest way to think about the measurement locations is 
to consid·er each one as a degree of freedom in t.he z 
direction, connected to the adjacent degree of freedom by a 
spring. This is analogous to modeling the continuous beam 
as a lumped mass system, with each mass (degree of freedom) 
located at an impact location. A spring with compliance in 
the z direction connects the masses together. A model such 
as this could easiiy be built and analyzed using finite 
element analysis. The .more measurements we make, the mode 
shapes we can identify (for n measurements (d.o.f.) one can 
obtain n-2 modes of vibration). However, as the number of 
measurements increase, the time required for the measure-
ments and the computational requirements also increase; 
there is a trade off. 
,; 
To begin with, we will use 5 measurements to analyze 
the beam. Th~s should give us 3 modes of vibration. An 
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odd number of measurements is advisable for a symmetrical 
. 
beam because one measurement can be obtained by impacting 
the beam.on its plain of symmetry (mid point). It is also 
a good idea to space the measurement evenly, just as one 
would space. the nodes evenly in a finite element model. 
3.6.2. OBTAINING MEASUREMENTS 
1he .next step is to take the 5 transfer function 
measurements and to dqwnload them to the PC. The first 
measurement should be the driving point transfer function 
which is obtained by impacting the beam right next to the 
response accelerometer·. When an acceptable transfer func-
tion has been made, copy it to the PC using the TFCOPY 
prdgram described above. Name the file abcording the the 
guidelines given in the previous section describing the 
operation of the program (i.e., fnamel.ext}. Since it is 
the first transfer function, the number just before the 
p.eriod should be a "1". Repeat this procedure 4 more 
times. The second transfer function should be obt.ained by 
impacting the beam at a point 1/4 of its length away from 
the accelerometer. The third measurement should be m~de at 
the middle of the beam~ The fourth impact location should 
be 3/4 of the length of the beam away from the 
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abcelerometer, and the fifth impact location is at the end 
opposite the accelerometer. The fifth transfer function 
data should be in a file called fname5.ext, and the £name 
and ext should be the same for all the measurements. 
3.6.3. PROGRAM DESCRIPTION 
With all five measurements stored on the PC it is pos-
s.ible to run the program to determine the natural 
frequencies and mode shapes of the bar. To begin running 
this program, input the following command: 
C:\FFTXFER> MODAL <CR> 
The program is menu driven and should be fairly self 
explanatory. Like the other programs described in this 
document, MODAL is written ii,_ compiled BASIC. The initial 
screen of information generated by the progrq.m is ca11·ed 
the Main Menu. This screen should appear as follows. 
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EXPERIMENTAL MODAL ANALYSIS PROGRAM 
Main Menu Options 
(1) Titles 
(2) Spatial Location of Measurements 
(3) Transfer Function Display 
(4) Modal Data Extraction 
(5) Animated Mode Shape Display 
(6) Exit 
Choice <1-6>? 
The program is divided ~nto 5 modules corresponding to the 
first 5 Main Menu Options listed abova. To get to a par-
ticular module from the Main Menu, simply type t·he c-or-
responding number after the prompt and hit RETURN. If you 
are running this program for the first time, you should 
proceed. through the m.odules in the order that they appear. 
Each module will be described separately bel.ow. After each 
module has executed, you will be asked by the program 
whether or not you wish to return to the Main Menu. 
3.6.3~1. TITLE MODULE 
This· module of· the program is primarily for descrip-
tive purposes. When you enter this module, the following 
prompt should appear 
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Do you wish to (I)nput new titles, (R)eview current titles, 
or return to (M)ain menu? 
To enter new titles, type "I", followed by a RETURN. Then 
answer the questions as indicated, terminating each 
response with a RETURN. Note, if the first- letter of a 
word i_s enclosed in parentheses, typing this letter will 
activate the action indicated by the word. For example: 
(E)xit => type an E to exi·t the program. The program will 
accept both upper and lower case letters, but it will only 
accept the indicated responses. If you make a mistake, the 
program will tell you and will ask you to repeat the entry. 
A typical TITLE input sequence is shown below by listing 
the output that might have resulted if you had type.a an "R" 
to· the above prompt (assuming that you had already input 
titles). 
Title: Free-Free Beam Experimental Modal Analysis. 
9/23/85 
Input Sensitivity: 10.15 mV/EU 
Excitation Units: lbf (pounds force) 
Output Sensitivity: 10.12 mV/EU 
Response Units: Accel. (G's) 
After the responses are entered, they are written to the 
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file TITLE.DAT. The program then asks you if you would 
like to input new titles, review curre-nt titles, or return 
) 
to the main menu. If, after reviewing the titles that you 
have input, you wish to proceed with the program, type ''M" 
and RETURN to get back ·to the main menu. The next module 
is the measurement location module (2). 
3.6.3.2. SPATIAL LOCATION OF 
MEASUREMENTS MODULE 
In this section, you tell the program where along the 
length of the beam you made the impacts that generated the 
different transfer functions. This module begins with the 
following prompt 
MEASUREMENT LOCATION 
(I)nput or (R)eveiw measurement locations, or return to 
(M)ain menu? 
Type '1 I'' and RETURN to input the coordinate locations of 
the different impacts and to. tell the program how these are 
connected. 
The program will next ask for the number of measure-
ment locations. Type "5" then RETURN. Next, the program 
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will prompt you for the X and Y coordinates of the 5 impact 
l.ocations. These are to be input in '' Consistent Uni ts" 
which means that the actual units are not important, you 
must just be consistent. For example, we could make the 
beam 10 units long, so that the 5 X and Y measurement loca-
tion would be input as follows 
Meas. #1 (X,Y): 0,0 <CR> 
Meas. #2 (X,Y): 2.5,0 (CR> 
Meas. #3 (X,Y): 5.0,0 <CR> 
Meas. #4 (X,Y): 7.5,0 <CR> 
Meas. #5 (X,Y): 10.0,0 <CR> 
Note that all the Y coordinates are O because the beam is 1 
dimensional and lies along the X axis. X and Y coordinates 
are separated by a co·mma. 
\ Next the program prompts the user to input how the 
measurement locations are- connected so that the PC can draw 
the beam on the screen. The-se connections serve no other 
purpose than to aid in the visualization of the structures 
mode shapes. For the beam, you would respond to the 
prompts with the following data~ 
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Connection #1 (pt. A to pt. B): 1,2 <CR> 
Connection #2 (pt. A to pt. B): 2,3 <CR> 
Connection #3 (pt. A to pt. B): 3,4 <CR> 
Connection #4 (pt. A to pt. B): 4,5 <CR> 
-
Connection #5 (pt. A to pt. B): -1 -1 , <CR> 
The first entry of each line is the point where the con-
necting· "link" sta.rts and the second point is where it 
ends. The -1,-1 entry in the last line is a flag that 
tell.s the program. tha.t you are done entering data. This 
flag must always be used to end this routine. 
The progra~ will-then ask you if you want to plot ·the 
measurement locations o.n the screen., If you do, type a "Y·" 
followed by a RETURN. Fig. 16 shows how the data should 
appear on the PC's CRT. After drawing the measurement 
locations and connections, pressing any key will return you 
to the Measurement Loc.ation Menu which wil.l ask you if you 
want to input new values,. review you current set of 
locations, or return to the main menu. 
3.6.3.3. TRANSFER FUNCTION 
DISPLAY MODULE 
This is the 3rd module of the MODAL program. The ·dis-
54 
pla·y routine is exactly the same as the TFPLOT program dis-
cussed above. It should be Self explanatory1 but if you 
are not sure what to ·do, refer to the section above which 
describes the TFPLOT program. 
3.6.3.4. MODAL DATA EXTRACTION 
MODULE 
The next, and probably most important module of this 
. program is the section that actually deter~ines the natural 
frequencies and mode shapes. For this module to work, you 
must have followed the steps of module 2 which generates 
measurement location data. You must also have all 5 trans-
fer functions copied to the hard disk on the PC and these 
data files must all be in the same directory as the MODAL 
program. 
The module begins by asking you if you want to create 
modal data, or retrieve existing data. If this is your 
first time· through th·e program, you will want to create 
modal data, .so respond to the question by typing a "C" fol-
lowed by a RETURN. 
The program will then prompt you for the name of the 
fi·le contai-ning the driving point transfer function data. 
Type in the name of the file (i.e., be-aml. out) and ter-
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minate the file name with a RETURN. The driving point 
transfer function file name should have a numeral "l" 
before the period. The program will then oper1 this file 
and read the imaginary part of the transfer function into 
memory. The imaginary component of the transfer function 
contains the amplitude and directidn of all the bending 
modes of the beam. Fig. 17 shows the imagihary component 
of the driving 
are 3 distinct 
near 4000 Hz. 
point transfer function. Notice that there ( 
peaks, and what appears to be lfourth peak 
The program will first identify the 
frequencies of the peaks~ These frequencies are the 
natural frequencies of the b~am. The peak finding 
algorithm, is not foolproof, and it may miss a peak, or it 
may identify a false peak. For this reason, it is a good 
idea to make a hard copy of the imaginary part of the driv-
ing point transfer function before executing t~is module. 
The algorithm works by fi·rst defining a thres.ho·ld level 
equal to 0.1 times the maximum value of the imaginary 
curve. Only peaks above this threshold are identified. 
The program will then display the natural freguencies 
that it identifies. Fig. 1·s • sample of data is a screen 
that was gene~ated by the. program on its first peak finding 
of the • . . part of the driving point transfer pass imaginary 
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function. Fig. 18 shows that the program identif~ed 4 
natural frequencies. The fourth frequency, however, is 
very close to the maximum frequency of the analyzer, and it 
is not clear whether all of the spik.e is ·present. Also, 
the 5 measurement points will only permit the first 3 mode 
shapes to be plotted. Thus, the 4th natural frequency is 
unnecessary, and it would be nice to eliminate this 
fr~quency from ·subsequent analyses. The program follows 
the list of natural frequencies with a question askirtg you 
whether or not the natural frequencies that it has iden-
tified are acceptable. If, as in this case, they are not, 
type a "n" followed by a RETURN. The program will than ask 
you whether you want to add a natural frequency to the 
list, or delete one. If the algorithm had missed a 
frequency that you deemed important, then you would just 
type an "a" followed by a RETURN. The program would than 
ask you for the frequency that you would like added to the 
list. If you wished to remove a natural frequency from the 
list, as in this case, respond to the "add" or "delete" 
question with a 11 d" and a R.ETURN. Then, at the next 
prompt, input the mode number that you wish to delete (in 
this .case, 4) • 
After adding or deleting a natural frequency, the 
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program will- re-display the modified list of ordered 
natural frequencies. You may continue to add and delete 
modes until the list is acceptable. When you have an ac-
ceptable list, respond the question asking whether or not 
these modes are acceptable by typing a "y" and a RETURN. 
The program will then ask you how many transfer func-
tion measurements you have taken. In this example, the 
response would be "5". The program then reads the remain-
ing transf~r function files to obtain the data it needs to 
calculate the mode shapes of the beam (this is why the 
transfer functions must have the same basic file names and 
extensions). 
When finished reading the data, the program will dis-
play the normalized mode shapes corresponding to the 
natural frequencies that last appeared in t·he list. In 
mathematical terms, the natural frequencies are the 
eigenvalues, and the mode shapes are the normalized 
eigenvectors. Fig. 19 is a printout of the natural 
frequencies and mode shapes that were obtained for the 
beam. The mode Sh8:pes were normalized so that the maximum 
displacement is equal to 1~ These mode shapes .show the 
global displacement of each impact location associated with 
each natural frequency. 1he derivation of amplitudes of 
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these mode shapes can be seen if you observe the amplitudes 
of the spikes in the imaginary parts of the remaining 
transfer functions. Fig. 17 and Figs. 20 through 23 show 
the unnormalized ampli.tudes of the 3 modes of vibration at 
sach mea~urement location. That I 1S, mode Shape 1 cor~ 
responds to the amplitude of the first spike of each trans-
£ er function measurement. The mode shape data is stoi"ed in 
a file called MODAL.DAT. 1b return to the main menu, 
strike any key after the modal data has been displayed. 
3.6.3.·5. ANIMATED MODE SHAPE 
DISPLAY MODULE 
The last module of the program will display the mode 
shapes you identified in the previous module, and can only 
be operated after executing module 4~ 
The prompts are self explanatory. The module will 
fir·st list the 3 natural frequencies that it has 
identified~ By selecting one of the mode numbers, you tell 
the program which mode shape you wish to see. The straight 
line shows the undeformed shape of the beam. The animation 
will continue for approxi~ately 5 cycles, and ~ill stop at 
points of maximum deflection. To make a hard copy of the 
deflected shape, press the SHIFT and PRT SC keys 
59 
simultaneously. To continue viewing any of the modes, I in--
put the character "y" after the More (y/n)? prompt, fol-
lowed by a RETURN. Inputting an "n" after this prompt will 
return you to the Main Menu. 
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4. PART 2: SIGNATURE ANALYSIS 
4.1. BACKGROUND 
Mechanization has played an importan,t role in increas-
in.g our societies·' standard of living by reducing the 
amount of time it takes to complete our work. Yet it seems 
as though we are never satisfied - we always want our 
machines to run faster and faster. There comes a point, 
however, when the laws of physics take over and the 
m~chanical vibrations become the limiting factors which 
determine how fast the machines will operate and still per-
form the~r tasks as desired. When this point is reached, 
the device must either be modified or redesigned so that 
the levels of vibrations are reduced and the machine can 
run at faster speeds. Again, the spectrum analyzer proves 
to be a valuable t·ool for analyzing th9' dynamic cha·rac-
.. 
~eristic of vibrating or rotat.ing machinery. An analysis 
of the vibration characteristics of a machine can often 
pinpoint the causes of excessive vibrations (if they exist) 
and frequently provide inijights as to how the mechanism can 
be modified so as to reduce these vibrations. As an 
illustration, an analysis (using the SD375)· of the dynamic 
characteristics of a cam-follower mechanism (to be 
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described shortly) will be discussed in this part of the 
the.sis. 
4.2. SCOPE OF THIS SECTION 
The SD375, because of its dual channel capabilities, 
is particularly well suited for transfer function 
measurement. But as the following porti.on of this thesis 
shows, it is also a valuable tool for measuring and 
manipulating information from a single channel. This, the 
second part of the thesis, begins. with a description of a 
cam-follower mechanism, and a description of the experimen-
tal setup that was used to record the mechanism's dynamic 
characteristics. This is followed by a description of how 
to configure the SD375 spectrum analyzer to perform single 
channel vibration measurements. The results of the 
analysis of the cam-follower mechanis~ are then presented, 
follow~d by a discussion and interpretation of what the 
data means. This portion of the thesis concludes with a 
description of an experiment utilizing the spectrum 
analyzer to evaluate the damping characteristics of the 
cam-follower mechanism. The results of this experiment are 
also included in the final section. 
4.3. DESCRIPTION OF CAM-FOLLOWER MECHANISM 
Fig. 24 is a diagram showing the front and side view 
of the cam-follower mechanism th~t was analyzed. A de 
motor (not shown) is used to turn the circular cam via av-
belt and a pulley attached to the· cam shaft. As the cam 
shaft turns, the offset circular cam drives the follower up 
and down. The vertical motion of the follower is the out-
put of the cam mechanism. Two linear ball bearings keep 
the shaft vertical as it moves up and down. The retaining 
spring between the pin in ·the shaft and the upper bearing 
pillow block serves to keep the follower in contact with 
the cam and prevents liftoff (at low speeds). 
The mechanism itself is not very complicated, and 
theoretically, its response should be relatively easy to 
predict. But as with all re~l life objects, the cam-
follower mechanism is not perfect, and as such, its 
response will probably not be precisely ~hat one would 
expect. Thus the task is to first use the spectrum 
analyzer to measure the response of the mechanism, and then 
to identify (if possible) the causes of any anomalous be-
havior that is observed. 
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4.4. EXPERIMENTAL SET-UP 
The experimental setup used to measure the response of 
the follower is rather simple. A photograph of the set-up 
is shown in Fig. 25. The PCB 302A07 piezoelectric ac-
celerometer is attached to the free end of the follower 
shaft, and the analog accelerometer output is input to the 
spectrum analyzer as Channel A. (See Part 1 for a discus-
sion of transducer and amplifier connections to the 
'> 
analyzer.) The analyzer records the response acceleration 
of the free end of the follower portion of the cam-follower 
mechanism. 
The main difference between using the analyzer to 
measure the response ac.celeration of the follower and using 
it to measure impact induced transfer functions (besides 
the number of channels requ~red) is that the cam mechanism 
response is continuous, whereas the impact signal is 
transient. What this means is that to measure the response 
of the follower, it is not necessary to use the triggering 
capabilities of the analyzer. This greatly simpli.fies the 
measurement process. The following paragraphs describe the 
steps required to measure a continuous signal. 
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4.4.1. SPECTRUM ANALYZER CON~IGURATION 
This section describes the procedures required t.o con-
figure the analyzer so that it will measure continuously 
varying voltage signals. It is assumed that the analyzer 
is turned on and that the transducer is properly connected 
to the analyzer. The concept of ~peration is the same as 
described in Part 1. The only difference ~s that the 
analysis ends with the computation of the FFT of the time 
domain signal. Since only one signal is involved, there is 
no division operation as is required to calculate a trans-
fer functio.n. 
A. First press the PANEL button, then O on the num-
ber keypad, followed by th·e RCL button. This 
sequence of. keys.trokes will recall a previously 
specified front panel configuration. 
B. Press the SPECT button located in the FUNCTION 
group. Then press the MENU button located in the 
same. group. This will call the menu operations 
to the analyzer display. Move the asterisk (by 
pressing the UP and DOWN SEL buttons) to the 
SPECT A & B option, and select this option by 
pressing the OPER button. The screen should show 
a s~t of frequency domain axis for both channels 
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A and B: . 
.. 
c. To see only one channel on the display, press the 
DUAL\SING_LE button located in the DISPLAY group. 
The analyzer'·s CRT should then display only one 
set of axis. Depending on which ch·annel the iri-
com~ng voltage is connected to, press the 
UPPER/LOWER buttbn so that the display shows the 
proper channel. The channel selected for display 
is indicated by showing this channel's input 
voltag~ sensitivity on the top line of the 
.. 
display. 
D. Press the HANN button locate.a in the CH A & B 
... 
group. This activates the Hanning weighting 
function which is applied to the data entering 
the analyzer. Refer to the manual for a more 
complete discussion of weighting. 
E. Press the RT (Real Time) button located in the 
display group. If the mechanism is operating and 
the transducer is properly connected, the display 
should show the spectral decomposition of each 
sample of data that enters the analyzer. If the 
display shows no data, the maximum voltage level 
could be set too high. .See st·ep F. to change the 
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-maximum voltage level. 
F. Adjust the maximum input voltage level so that 
either the .1 FS or the .5 FS LED's light up but 
the OVLD LED does not. These lights, and the 
buttons to change the sensitivity are located in 
the CH A and CH B group of keys. Use the UP or 
DOWN arrow key~ to change the maximum voltage 
either up or down. Only change the sensitivity 
f.or the channel through whi_ch dat·a is entering. 
The sensitivity can only be changed when the 
analyzer is operating in Real Time mode. 
G. Set the maximum frequency. A value equal to or 
less than 100 Hz seems to provid~ Sufficient 
range .. This value will depend on how fast the 
mechanism is oscillating. You will have to ex-
periment with this sett.ing. The trick is to get 
as much detail as possibls of the lower 
frequencies· while not missing any important data 
at higher frequencies. 
The .analyzer should now be displaying data that are the 
frequency components of the time varying signal resulting 
from the oscillations of the accelerometer. If the Y axis 
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is set up to display in Volts, then the acceleration (in 
g's) at different frequencies can be computed directly 
using the sensitivity value for the transducer (10.,15 
mv /g). 
In order to utilize the averaging capabilities of the 
analyzer and reduce noise, the following sequence of keys 
must be pressed: 
A. First set the nu~ber of averages that you would 
like for each measurement. Twenty Five o~ Fifty 
should suffice. 
B. Then press the Ml key located in the DISPLAY 
group. This takes the analyzer out of Real Time 
mode. 
c. Press the ERASE kSy located in ·the AVERAGE (Ml) 
group to clear the display. Then press the START 
key located in the same group. 
The analyzer should then begin taking measurements and 
should display their average on the trace. The number of 
averages will also be displayed. on the analyzer screen. 
When it has taken as many averages as it was instructed, 
the analyzer freezes the display. The display can then be 
manipulated and the cursor used as described in Part 1. 
6.8 
The analyzer's operation can be halted at any time during a 
measurement sequence by pressing the STOP button. ,. 
4.5. EXPERIMENTAL RESULTS 
Figs. 26, 27 and 28 show the frequency accelerat~on 
response of the follower portion of the cam-follower 
mechanism for the cam rotating at 7 Hz, 15 Hz and 20 Hz 
0 
respectively. The analyzer data from which these plot-s 
were made was downloaded to the PC using a program call 
PDGCOPY which wili be briefly descr~bed in the next 
section. 
These Figs. show that the acceleration response is 
primarily composed of spikes at multiples of the fundamen-
tal rotating frequency of the cam. Some of these multiple 
frequencies result from the output of the cam itself which 
is not purely Sinusoidal, but is composed of multiples of 
the fundamental frequency. The Output of an offset cir-
cular cam, you will rec-all, is identical to that of a 
slider-crank mechanism. The output is not a pure sinusoid, 
hence the frequency domain representation of the response 
will not b-e a singl.e spike. 
A possible explanation for the many other smaller, 
seemingly random spikes is that the cam, because of the 
.. 
load, does not rotate at a constant speed. This is clearly 
apparent both by visual inspection and by the sound the 
mechanism makes, particularly at lower speeds. In order to 
investigate this possible explanation for the many spikes 
in the response spectra, the re-sponse acceleration was 
again measured, but this time, the other channel of the 
analyzer was used to record the cu~rent entering the DC 
motor which drives the cam. For a bonsta~t current, the 
motor speed should also be consta.nt. ·If the cam speed 
fluctuates, the current into the motor should also 
fluctuat~. Figs. 29 -and 30 show the results of this 
investigation. Clearly, the current entering the motor 
varies with a frequency content that is quite similar to 
the varying acceleration of the follower. This indicates 
that some of the spikes in the response -acceleration 
spectra are caused by fluctuations in the cam speed. 
4.6. PDGCOPY PROGRAM 
The program PDGCOPY is used to download any type of 
data (except transfer function and statistical data) that 
appears on the analyzer screen (.either 1 or 2 traces) to an 
IBM PC. The program is menu driven and its operation is 
quite similar to that o-f the program TFCOPY described in 
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Part 1, so a detailed description is not given here~ To 
invoke the program, type TFCOPY ~n response to the DOS 
prompt on the PC (the program is written in compiled basic 
and must reside in the current directory or subdirectory). 
Each trace on tha analyzer screen will be placed in a dif-
ferent fi·1e on the fixed disk of the PC. The first value 
of e~ch trace (cell 1) is writt~n to the PC terminal screen 
during the download procedure so that you may verify the 
accuracy of the data. A file of frequency data will con-
tain 400 records of spectrum amplitude versus frequency 
data. A time history trace will generate a file of 1000 
records of amplitude versus time data. 
4.7. DISCUSSION AND CONCLUSIONS 
This brief signature analysis exercise shows the use-
fulness of the spectrum analyzer in measuring signals and 
in identifying their causes. There does seem to be other, 
higher frequency components present in the response signal, 
possib.ly caused by other imperfections in the mechanism 
such as clearances and impaqts, surface roughness of the 
cam and spring surge. Further investigation into these 
areas might reveal more about the true behav~or of the cam-
follo.wer mechanism. 
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One additional investigation, using the spectrum 
analyzer is presented in the next section. This last sec-
tion ties together Parts 1 and 2 of this thesis and shows 
how the transfer function can be used to identify struc-
tural parameters. 
4.8. ADDITIONAL INVESTIGATION: DAMPING 
MEASUREMENTS 
One additional use for the spectrum analyzer and the 
transfer function lies in its· ability to measure certain 
p·arameters of a structure, such as damping, or spring 
stiffness, or mass. Of these parameters, probably the most 
difficult to quantify is damping. If a system is resonant, 
however, a transfer function can be used to measure the 
damping because the damping of the system is simply propor-
tional to the width of the spik~ that indicates the 
presence of a natura.l frequency. 
In order to measure the damping of the follower por-
tion of the cam-follower mechanism, it is first necessary 
to make the system re$onate. This can be. done by placing 
another spring below th·e retaining spring. The location of 
this other spring is shown in Fig. 31. This spring also 
causes the .follower part of the mechanism to-lift off the 
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cam and enables it to oscillate freely up and down. 
The next ·step is to measure the transf·er func.tion of 
this resonant system. The procedure for doing th~~ is the 
same as that for the beam of Part 1. The only difference 
is th~t the follower is impacted near its base, just above 
the yolk. The response is measured by the accelerometer 
attached to the free end (top) of the follower. The trans-
fer function generated by this procedure is shown in Fig. 
32. This transfer function indicates that the natural 
frequency of this (basically) one degree of freedom system 
is at approximately 13 Hz. The width of this spike is an 
indication of the amount. of damping present in the system .. 
The width that is used is called the "half power bandwidth" 
and is cal·culated by deter~ining the distance (in ~z} be-
tween the two points that are 3 dB down from the highest 
point on the spike. For Fig. 32, the half power bandwidth 
is approximately 5.2 Hz. The half power bandwidth is used 
to calcu.late the quality (Q) of the system by performing 
the following calculation 
Q - w/ t:,. w. ( 7) 
For the transfer function of: Fig. 32, Eqn ( 7) yields a Q of 
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approximately 2.5, This value indicates that there is 
quite a bit of damping present. Typ~cally, a structure 
with low damping would have a Q greater than 100. This Q 
includes all of the damping of the follower mechaqism (most 
of it is probably due to the two linear ball b~arings). 
The following formula can be used to convert the quality 
factor, which is dimensionless, to a damping value (C) with 
units [N/m/sec] as is req~ired in many analyses. 
Where 
C = M * w / Q 
M - mass. [Kg] 
w = natural frequency [rad/sec]. 
( 8) 
As is evident, the procedures for measuring damping 
using the spectrum analyzer are relatively straight 
forwa.rd. The only difficult aspect is converting the sys-
tem to a resonant one. All structures have some damping, 
but it is often difficult to calculate just how much. Ac-
tually measuring the damping can eliminate the need to ap-
proximate the damping analytically, and can be used as a 
check to determine the accuracy of damping calculations·. 
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CONCLUSIONS 
This thesis illustrates ·two applications for the 
"-.... 
spectrum analyzer in the mechanical engineering laboratory. 
It is not too diffic.ult to think of at.hers. While it is 
not necessary to have a complete understanding-nf how the 
spectrum analyzer works, it is necessary to understand some 
of the basicsrof its operation so that the operator will 
have some idea of what type of d-ata to expect and so that 
he can quickly identify incorrect mea~urements and data 
that does not make sense. -This thesis has covered some of 
these basics. 
When learning something new, it also h~lps a great 
deal to have an example or two to follow. The examples in-
cluded in this the.sis are meant to be fairly simple and 
straight forward so as not to overshadow the purpose 0£ 
this thesis which is to familiarize the reader with the 
operation of the spectrum an.alyzer and to show some of .its 
applications. Hopefully the examples described here will 
be reproducable, will facilitate the use of the spectrum 
analyzer, and wi.11 provide the impetus for further work. 
And finally, this thesis shows that there are many ap-
plications for the data and information genera·ted by the 
spectrum analyzer. Frequently, utilizing this data neces-
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si tates transf errin·g it to a computer with more powerful 
processing capabilities. The programs that are described 
in this thesis illustrate how the data can be transferred 
from the analyzer to an IBM PC. There are c~rtainly more 
ways of doing this than what is shown here. Appen.d·ix A 
provides some detaiLs of communicating with the analyzer 
that are not at first· obvious from reading the I/0 option 
6. SUGGE·STIONS FOR FURTHER WORK 
The MODAL program that is described in this thesis 
only scratches the surface of the type of analyses that can 
be performed with an assembly of transfer £·unction data. 
Specifically, the individual transfer functions contain 
much more aa·ta than just the natural frequenc,y and mode 
"" 
shape information. As illustrated in Part 2, the transfer 
function contains information concerning the amount of 
damping present in the structure. It also can be used to 
determine the modal mass of a structure. It would be nice 
to have a modal analysis program that would extract all 
this data from the transfer functions. Reference [5] con-
tains valuable information on calculating these modal 
parameters. Additionally, it would not be too difficult 
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to modify the MODAL program to generate animated mode 
shapes of two dimensional structures such -as plates. 
\ 
' 
\_ f - -· - - -
In recent years, much research has been performed o~ 
extracting modal parameters from transfer function data, 
and many sophisticated curve fitting algorithms have been 
developed to perform just this task. These curve fitting 
algorithms generate an analytical expressions that ap-
~ 
. 
proximate the actual measured data. The data transfer 
programs mentioned in this report copy all the required 
data from the analyzer to the PC. What is needed are the 
computer routines to accurately and quickly perform the 
curve fitting. Many companies already sell equipment that 
performs all these tasks, bot they cost many thousands of 
dollars. The next step might be to observe some equipment 
currently available, try to match its capabilities, and 
then try to improve upon them. 
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X(f) 
- H(f) Y(f) -
-
Fig. 1. Black box representation of a linear mechanical 
system. 
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TRANSFER FUNCTION MEASUREMENT 
EXCITATION .. SPECIMEN .. I JNPUTJ r ... 
CH A .... 
50375 
. 
CH B . .. .... 
RESPONSE 
(OUTPUT) 
Fig.2. Block diagram showing operations necessary 
to measure a transfer function. 
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Fig. 3. Diagram of impact hammer. 
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FREQUENCY RESPOtJSE 
DISPLAY 
Fig.7. Block diagram showing operations performed by 
the Scientific Atlanta SD375 spectrum 
analyzer. 
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Fig. a. Photograph of the experimental set-up used 
in measuring transfer functions. 
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separated into groups. 
87 
DISPLAY 
Y e OVLD 
• 
UN 
. - -
• 
LOG 
X 
• •• 
UN I xz 
I 
-- -
B • . XA 
~ 
FUNCTION 
B© 
G@ 
BG 
B8 
B8 
~ 
Group 1 
DISPLAY controls. They determine: 
a. 
b. 
Group 3 
The source of the display 
(Real Time or one of the 
Memories) 
Dual or single (upper or 
lower) trace . 
Controls for display distribution. 
LIN or LOG on both the X and Y 
axis, GAIN on the Y axis, and ex-
pansion (X2 and X4) on the X axis. 
Group 4 
The five primary function~ of the 
SD375 comprise the left column of 
touch controls. The MENU lists the 
available subfunctions for each of 
the primary functions. 
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1, 3, and 4. 
88 
) 
J 
l 
'· 
AVERAGE (Ml) 
• ' • • '• 
~ I LIN START MAX 
• I 
~ - - .. - - .. - -~-
-· • /\ • • ,.. I ~ EXPO ST~ 1 I z 
- - - - - - .. - -
• 6 
PEAK ERASE •1 a UTO 
X y 
• • • D 
HZ V 
-- --
• 
8 
• E 
KCPM dB 
-- --
• C • 
,. 
ORDER EU 
--
• G 
"50 
CURSOR 
<:=J i 
BACK SPACE ! c;;> 
• 
H 
• K H 
NORM HMNC I ~x 
- - -
- _I_ -
• I LI 
.l p ZERO IROTAT 
- - -
J 
AORS 
- -,- -• M ,. 
MARK I SET 
REF 
~
y 
CH 
B 
B0z . LIN REF 
D r:"°1 oE:J 
dB 
REF 0(/> 
Q 
RESET 
s 
LOWER 
.UNC• 
AVG 
N 
Group 6 
' Controls for the data averaging and 
memory storage process. 
Group 8 
Controls for determining the type 
of X and y • display units. axis 
Group 9 
Controls for positioning the cursor 
and performing cursor related 
functions • 
Group 11 
Controls for entering and enabling 
important numerical values used in 
acquisition/analysis. 
Fig. 12. Description of the controls in groups 6,8,9 
and 11. 
89 
, 
000 
000 
000 
008 
888 
CH A 
~ OVLOe 
.5 FS e 
VOLTS [sz] .I~ e 
~ _ __,,,,, 
CH A Be B 
---
• 
HANN 
> 
FLAT 
< 
RECT 
Group 15 
This group is called the "keypad" 
and is used.for assigning values 
for group 11 controls. 
CH B 
, 
~ OVLDe 
.5 ,s • 
VOLTS [sz] .I~ e 
, 
B L1TO § 
.. 
Group 17 
Group 16 
Controls for select-
ing the input level 
for each channel and 
frequency range for 
both channels . 
Controls for selection of one of 
four FFT weighting functions. 
Fig. 13. Diagram of the controls in groups 15, 16 
and 17. 
1 
o.e -
0.8 -
0.7 -
0.6 -
0.5 -
0.4 -
O.J • 
0.2 • 
0.1 -
0 
-0.1 -
-0.2 • 
-0.J -
-0.4 -
-0.5 -
-0.6 -
-0.7 -
-0.8 -
-0.9 -
TIME HISTORY OF FORCE IMPACT 
-1 
I I I I I I I T I 
0 0.002 0.004 0.006 0.008 
Time (aec) 
TIME HISTORY OF ACCELERATION RESPONSE 
1 
0.9 -
0.8 -
0.7 -
0.6 
-
0.5 -
0.4 -
O.J 
-
~ 0.2 -
., 0.1 -,, 
0 :, ~ 
Q. 
-0.1 -~ -0.2 -
. 
II 
-0.J -
-0.4 -
-0.5 -
-0.6 -
-0.7 
-
-0.8 -
-0.9 -
-1 I I I I l I I I 
0 0.002 0.004 0.006 0.008 
Time (sec) 
Fig. 14. Time history of hammer impact and 
acceleration response showing the 
effect of the %DELAY function. 
91 
I 
0.01 
0.01 
• 1J 
:J 
~ 
-C 
C, 
0 
~ 
"" m 
~ 
""' 
• ~
:, 
~ 
-Q. 
E 
< 
1.1 
1 
0.9 
0.8 
0.7 
0.6 
0.5 
0.4 
O.J 
0.2 
0.1 
JO 
20 
10 
0 
-10 
-20 
-JO 
0 
COHERENCE OF DRIVING·PT. TF 
2 
{Thousands) 
Frequency (Hz) 
J 
DRMNG POINT TRANSFER FUNCTION 
1 2 
(Thousands) 
frequency (Hz) 
J 
4 
' \ 
4 
Fig. 15. Driving point coherence plot and transfer 
function of the free-free beam. 
92 
l 
1 2 3 4 5 
Fig. 16. Measurement locations for the free-free 
beam example. 
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Fig. 17. Imaginary part of the driving point transfer 
function. 
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4 Natural Frequencies Identified 
Mode 1 Frequency= 450 Hz 
Mode 2 Frequency= 1230 Hz 
Mode 3 Frequency= 2520 Hz 
Mode 4 Frequency= 3990 Hz 
Are These Modes OK? (y/n)? 
Fig. 18. MODAL program display of natural frequency data 
showing 4 natural frequencies. \ 
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Fig. 19. MODAL program display of natural frequencies 
and normalized mode shape data. 
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Fig. 20. Imaginary part of the second transfer function. 
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Fig. 21. Imaginary part of the·third transfer function. 
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Fig. 22. Imaginary part of the fourth transfer function. 
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Fig. 23. Imaginary part of the fifth transfer function. 
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Fig. 24. Diagram of the cam-follower mechanism. 
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Fig. 25. Photograph of the experimental set-up used to 
measure the acceleration response of the cam-
follower mechanism. 
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Fig. 26. Acceleration response spectra for the cam 
rotating at 7 Hz • 
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Fig. 27. Acceleration response spectra for the cam 
rotating at 15 Hz. 
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Fig. 28. Acceleration response spectra for the cam 
rotating at 20 Hz. 
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Fig. 29. Acceleration response spectra for the cam 
rotating at 8.2 Hz. 
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Fig. 30. Frequency spectra for current entering the 
DC motor for the cam rotating at a.2 Hz. 
107 
40 
• 
• 
@ 
Fig. 31. Diagram of cam-follower mechanism converted 
to a resonant system. 
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Appendix A: SPECTRUM ANALYZER I/0 OPERATIONS 
In order for the download programs described in this 
thesis to work, the analyzer must be c.onfigured properly. 
To access the I/0 menus of the spectrum analyzer, press the 
following keys in the sequences indicated. 
A. Press the PRGM located in the PARAMETERS group of 
keys. Then press the MENU key located in the 
FUNCTION group. The analyzer screen then should 
show the 9 additional programs available £or the 
SD375. 
B. Access the I/0 menu by pressing the PRGM key, 
then the number 4 on the PARAMETERS numeric 
keypad, followed by the MENU key. The followin·g 
I 
display will then appear on the analyzer screen. 
1. REQUEST SERVICE 
2. MODIFY I/0 PARAMETERS 
3. SEND 
4. RECEIVE 
5. RESET I/0 
C. To check the parameters in numbers 2 through 4 
press the UP or DOWN arrow on the FUNCTION group 
until. the asterisk is in front of the desired· 
number. Then press the MENU key. 
The three sets of menu parameters should appear as 
follows 
I/0 PARAMETERS 
1. CONTROLLING PORT: 
2. PRIMARY ADDRESS: 
3. IEEE MODE: 
4. COMPOSITE DATA: 
5. FLOATING PT: 
6. BYTE CODING: 7. SERIAL HANDSHAKE: 
8 .• DUPLEXING: 
9. AUTO LINE FEED: 
10. BAUD RATE: 
11. BITS/SERIAL BYTE: 
12. PARITY: 
13. STOP BITS: 
RS232C 
1 
TLK, LSN ONLY 
CALCULATED 
BYTE FORMAT 
ASCII 
HARDWARE 
ECHO 
ON 
9600 
8 
NONE 
1 
SEND DATA PARAMETERS 
1. 
2. 
3. 
4. 
5. 
1. 
2. 
3. 
4. 
5. 
DATA GROUP: 
PORT: 
BYTE CODING: 
DATA FORMAT: 
DUPLEXING: 
8 AVG MEM 
RS232C 
ASCII 
BYTE· FORMAT 
ECHO 
RECEIVE DATA PARAMETERS 
DATA GROUP: 
PORT: 
BYTE CODING: 
DATA FORMAT: 
DUPLEXING: 
8 AVG MEM 
RS232C 
ASCII 
BYTE FORMAT 
ECHO 
If the analyzer is not configured properly, or if you wish 
to change these setting, consult the I/0 Manual for 
instructions. 
One other issue should be mentioned here, and that 
concerns the weighting values ~pplied to the data as it 
112 
passes through the analyzer. The values given on page 6-3 
of the Digital Interface I/0 manual are incorrect. Ex-
perimental 
results indicate that the values should be as follows. 
i 
WINDOW TYPE 
FLAT TOP 
HANNING 
TRANSIENT (SPL) 
RECTANGULAR 
SPECTRA 
238 
·451 
677 
902 
POWER 
56644 
20·2696 
456066 
810784 
, .. 
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